Aero-optic aberrations originating from the nearby flowfield of an aircraft can seriously limit the ability to focus on-board laser systems onto farfield targets. These aero-optic aberrations can be mitigated by using fences to control the flow around the outgoing beam aperture. The objective of this investigation is to attempt to determine the best shape for these fences using computational fluid dynamics in combination with optimization techniques. Future work will experimentally and computationally build on the solutions presented here. 
I. Introduction
N aircraft traveling at compressible flow speeds is surrounded by optically-active regions which are formed by high density and associated index-of-refraction gradients. 1 These optically-active regions originate from localized compressible turbulent flowfields or inviscid flows such as shock waves. 2 The aberrations produced by these optically-active regions can have disastrous consequences for a traversing beam of light, and so can significantly restrict the effective field of regard of optical systems carried by the aircraft.
A possible mitigation approach to aero-optic flows is to employ an adaptive-optic (AO) system 3 that places the conjugate waveform of the aberration onto the wavefront of the beam prior to its transmission through the aberrating 1 Graduate Research Assistant, Center for Flow Physics and Control, AIAA Student Member, gcrahan@nd.edu. 2 Research Assistant Professor, Center for Flow Physics and Control, AIAA Member, rrennie@nd.edu. 3 Professor, Center for Flow Physics and Control, AIAA Fellow, ejumper@nd.edu. 4 Research Assistant Professor, Design Automation Laboratory, AIAA Member, atovar@nd.edu. 5 Graduate Research Assistant, Design Automation Laboratory, AIAA Student Member, gmejiaro@nd.edu. 6 Professor, Design Automation Laboratory, AIAA Fellow, jrenaud@nd.edu. A flowfield; contemporary AO systems are unable, however, to match the high temporal frequencies associated with aero-optic flows. Flow-control approaches that attempt to modify the local boundary layer using, for example, pins or vortex generators to delay separation and thus reduce the size of the optically-active region have also met with limited success 4 , and neither AO or flow-control approaches address the aero-optic problem presented by shock waves. The difficulties associated with these approaches suggest that considerable advantage could be gained by careful aerodynamic design of the mounting arrangement for the optical system that avoids the formation of strongly-aberrating flow regions in the first place. The objective of this investigation is to optimally design the shape of an aircraft-mounted laser pod in order to minimize aero-optic aberrations.
II. Basic Design Concept
Probably the simplest solution to providing control over the azimuth and elevation of an optical system is to mount the system in a spherical turret. It has been shown, however, that spherical turrets generate local supersonic flows at flight speeds that are well below typical cruise speeds for jet fighters or transport aircraft 5 ; the resulting supersonic flow region terminates in a shock wave that can seriously degrade the optical properties of a laser beam that passes through it. Spherical turrets are also susceptible to boundary-layer separation from their leeward surfaces; at compressible flow speeds, the shear layer associated with the resulting separated flow region downstream of the turret becomes optically active in the sense that vortical structures within the shear layer produce severe gradients in the density and hence index of refraction 4.1 . In Ref. 5 , we presented a concept for the mitigation of the aero-optic effects associated with spherical turrets, by mounting carefully-shaped fences to the surface of the turret; this concept is briefly reviewed in the following sections.
A. Geometric Layout
In incompressible flow, the peak negative C P0 on the surface of a spherical turret is -1.25, and occurs on the top of the turret. This C P0 can be corrected for compressibility effects using, for example, the Karman-Tsien correction, which is given by
Similarly, the critical Mach number can be expressed as
From the intersection of Equations (1) and (2), shock formation occurs on a spherical turret at a Mach number just below 0.53 ( Figure 1 ). This value is significantly below the nominal M ≈ 0.8 cruise speed of jet transports and combat aircraft. . As shown by Fig. 1 , in order to avoid shock formation up to M ≈ 0.8, the local minimum C P0 in the region of interest must be approximately -0.24 or greater. One method of achieving this target would be to streamline the spherical turret using an appropriately shaped fairing. A fairing shape with a "cubic forebody" (i.e. with y = ax 3 + bx 2 + cx + d) that achieves subsonic flow around the aperture is shown in Figure 2 . The figure also shows an illustration of an axisymmetric "pod" (such as would be mounted externally to an aircraft) based on the cubic forebody. The optical aperture is located on the spherical turret ball at the front of the pod. To increase the aft field of regard, the pod has a cutout that enables the turret ball to rotate the aperture to rearward look-back angles. A "roll shell" that contains the turret ball and cutout is used to rotate the aperture in the azimuthal direction.
B. Cutout
In Figure 2 , the cutout that enables the aperture to rotate to aft pointing angles has simple, straight walls that are separated by the aperture diameter so that the edges of the aperture will not be obscured by the pod. Computational fluid dynamics (CFD) results show, however, that the critical Mach number for this "simple" cutout design is significantly lower than the M = 0.8 target.
Investigations have shown that the straight walls of the cutout cause this reduction in critical Mach number. As shown in Figure 3 , these straight walls constrict the streamlines over the top of the turret ball, which normally follow "lines of longitude" along the spherical surface of the turret ball. This streamline constriction results in increased flow speeds over the top of the ball and the observed reduction in critical Mach number. The straight cutout walls also diffuse the flow on the back of the ball faster than if the flow followed lines of longitude on the ball surface; this higher diffusion increases the adverse pressure gradient on the back of the turret ball thereby increasing the risk of flow separation and associated aero-optic aberrations. As illustrated in Fig. 4 , these effects can be counteracted by shaping the cutout walls to diffuse the flow at the front of the turret ball, and contract at the back of the ball. The effectiveness of the cutout walls can be enhanced by extending the walls into the flow with a "fence." An example of a fairing with an improved cutout shape that implements these ideas is shown in Fig. 5 . Pressure distributions computed using CFD for the original fairing shape, the fairing with simple straight-wall cutout, and the fairing with improved cutout are shown in Figure 6 . The figure shows that the critical Mach number for the fairing with the improved cutout is even higher than for the unmodified shape (M = 0.86 versus M = 0.8). Further, the adverse pressure gradient on the back of the turret ball has also been reduced, which alleviates the possibility for flow separation and concomitant strong aero-optic aberrations at large look-back angles.
Further CFD studies were also completed using different heights for the fences and different lookback angles. Figure 7 shows the centerline geometry of 3 different lookback angles that were tested. Figure 8 shows the C P0 data for different lookback angles at two different fence heights. It is shown that the M crit = 0.8 design objective can be attained for the 40 o lookback case and nearly for the 60 o case, although increasing the fence height beyond the tested range may increase the achievable critical Mach number still further. 
III. Optimization Approach
The CFD data shown Figs. 6 to 8 show how a fence design developed in a trial-and-error fashion can significantly improve the critical Mach number and boundary-layer separation performance of a spherical turret. There is, however, no guarantee that the design that produced the significantly-improved results shown above was an optimum, or even nearly-optimum design, and that even better performance cannot be achieved. Considering the basic fence concept shown in Fig. 5 , it is clear that there are a multitude of possible fence designs that would result in an improvement over the unmodified hemispherical turret design. The following describes the systematic optimization approach that was employed in an attempt to arrive at the optimum fence design.
In order to develop and verify the methodology, optimization was first attempted on a simplified model, consisting of a hemispherical turret on a D/3 cylindrical base (Fig. 9) . The hemisphere-on-cylindrical-base turret is a very commonly used turret configuration 4 , so that results obtained in this initial work will have immediate application; however, the simplicity of the geometry means that computational model sizes can be kept small, making it possible to perform optimizations with reduced computational expense.
Several optimization techniques have been developed to solve computationally-expensive problems. For example, successive approximation techniques have been used to reduce computational cost, especially when the sampling needed to create the response surface is on the order of the number of design variables. 6, 7 Other techniques, based on the variable-fidelity optimization framework, have been used in application to the design of a high-lift airfoil, to find the optimal placement of its slat, vane, and flap to provide maximum lift for takeoff or landing, and in application to design of complex nanomaterials. 8, 9 Shape optimization is a computational-based approach in which the objective is to determine the optimal profile or boundary of the structure. Two of the most common approaches to performing shape optimization are the basis vector and the grid perturbation approach. The basis vector approach requires the definition of different trial designs called basis vectors. The design variables are the weighting parameters that define the participation of each basis vector in the design process. On the other hand, the grid perturbation approach requires the definition of perturbation vectors. These vectors perturb or deform the boundary of the design domain. The design variables are the values that determine the amount of perturbation during the optimization process. This investigation will implement a classical shape optimization algorithm based on grid perturbation.
A. Objective function
The objective is to minimize optically-active flows around a spherically-shaped turret, where the two main causes of optical aberrations for this case are shock waves and flow separation. As discussed above, shock formation on the turret can be avoided by keeping the minimum C P0 on the turret as large as possible. On the other hand, treatment of the no-separation criterion is more difficult, since ideally the optimization approach should allow the use of "low-fidelity" analysis routines, such as an inviscid-Euler routine, that cannot directly predict boundary-layer separation. It is well known, however, that the chance of boundary-layer separation increases when a strong adverse pressure gradient exists in the region of interest; as such, the no-separation objective was modeled by minimizing the adverse pressure gradient over a selected region of the rear of the turret. This region was chosen to begin at x/D = 0.4 (see Fig. 9 ), and to extend sufficiently far downstream to enable a maximum lookback angle of 40 o ; for a typical turret design in which the aperture is 1/3 rd the diameter of the turret, Figure 10 shows that this criterion means that flow separation must be prevented (as far as possible) up to x/D = 0.91. It should be noted that the maximum lookback angle of 40 o was chosen arbitrarily; however, since flow separation on a spherical turret normally occurs at only 30 o past vertical, Fig. 10 shows that maintaining flow separation over the range x/D = 0.4 to 0.91 would represent a significant improvement over the normal case.
Based on the above discussion, the objective function can be expressed as
where C P is the pressure coefficient. For the CFD data at discrete points x i /D , the objective function can be written as
For this initial application, the flow was solved using only the low-fidelity inviscid Euler equations. In future research variablefidelity optimization will be investigated in which the flow will also be periodically solved using a higher-fidelity model such as the full Navier-Stokes equations.
B. Design variables
The fence wall coordinates were determined using fifth-order polynomials for both the diffusing and contracting sections; fifthorder polynomials are often used for wind-tunnel contraction design.
9.1 As such, fence shapes could be fully determined by specifying the locations of the points 1, 2, and 3 shown in Fig. 9 , plus the boundary conditions of zero slope and curvature at the start and end of each section of the fence. Furthermore, since the streamlines normally follow "lines of longitude" on the hemispherical surface of the turret, the fence coordinates were defined with respect to lines of longitude rather than with respect to the oncoming flow. The objective of the initial work was to optimize the shape of the fence by determining the optimum locations of the points 1, 2 and 3 shown in Fig. 9 . It is known that higher fence heights increase the critical Mach number; 5 therefore, h was set to a constant. In summary, six design variables were used: x 1 , y 1 , x 2 , y 2 , x 3 , and y 3 .
C. Constraints
The main constraint on the system is the lower limit on the pressure coefficient; as shown above, to obtain a critical Mach number, M crit , of 0.8, the C P0 must be -0.24. For this initial investigation, however, the constraint on minimum C P0 was relaxed to -0.5. Geometric constraints on the reference points of the fence were also imposed to avoid fence shapes that would lie on the optical aperture of the turret. For this constraint, all points on the fence must have a coordinate y that is greater than or equal to 0.17D away from the centerline of the pod (again, assuming a typical turret configuration with an aperture diameter that is 1/3 rd the diameter of the turret). Other constraints included an upper limit on the y coordinates of the fence of 0.45 D, and x coordinates between 0 and D. Finally, the fence thickness was set to to 0.03 D:
A further constraint on the system is to make sure that no point overlaps or gets too close to another point, eg. point 2 must be located further downstream than point 1. The optimization problem in standard form can be stated as follows:
s.t.
-, 
D. Methodology for Design Optimization
This problem is defined for a non-linear and computationally expensive objective function and a set of linear (geometric) constraints. The approach is based on the sequential quadratic programming (SQP) 10 method. The quadratic approximation of the objective function, subject to the set of linear constraints, is solved with an active-set approach 11 in order to find a search direction at each iteration. The step size is obtained by solving a penalized single-variable optimization problem. 12 The Matlab function, fmincon, was used along with the constraints above and the active-set algorithm. A function call was written that calls the various meshing and CFD routines in an automated c-script. Fig. 11 shows this process in a flow chart starting with the input points and proceeding to the output. Starting at the beginning, the three points from Figure 9 that define the fence constitute the input to the function call. Once the fence coordinates are determined, the mesh is generated and solved by the CFD routine. The minimum C P0 on the sphere along with the sum of the pressure gradient are then evaluated to determine if the new point is feasible or not. To take into account the constraint on C p0 , a penalty is incorporated into the function call. by using an " if " statement that looks at the pressure value; if it is below the constraint, it will take the distance away and multiply it by a penalty factor of 100. This penalty is then added to the function value.
IV. Results
The optimization problem formulated in the preceding section was investigated by computing the value of the objective function, Eq. (4), over a reasonable range of positions for the fence points 1, 2, and 3 ( Fig. 9) . Noting that the objective function shown in Eq. (4) evaluates the adverse pressure gradient on the rear of the turret, this exercise effectively demonstrates how the fence shape influences the chance of boundary-layer separation from the turret. The results of this investigation are shown in Fig. 12. In Fig. 12a , (x 2 , y 2 , x 3 , y 3 ) were held constant at (0.5, 0.31, 0.85, 0.17) while x 1 and y 1 were varied from 0.1 to 0.4 and 0.17 to 0.27 respectively. The white line delineates the region, denoted as region "I", where the maximum -C p0 is under 0.5, thus fulfilling the primary constraint for the problem. Fig. 12a shows that the location of the front of the fence has a moderate influence on the objective function (i.e. the rear pressure gradient). More significantly, the small extent of the region "I" in Fig. 12a shows that there is only a limited range of positions for the front fence point that will satisfy the constraint on C P0 . It should be noted, however, that Fig. 12a shows the feasible range of the point 1 for only one selection of the points 2 and 3, and that a larger feasible range for the point 1 would likely result for different values of the other fence points. Furthermore, the fact that the feasible range for point 1 shown in Fig. 12a occurs at small values of y/D makes sense if it is noted that the fence must diffuse from point 1 to point 2 in order to maintain the C P0 at point 2 within the -0.5 constraint. Figure 12b illustrates the effect that the location of the middle fence point (point 2 in Fig. 9 ) has on the objective function. In this case (x 1 , y 1 , x 3 , y 3 ) were held constant at (0.25, 0.25, 0.85, 0.17) while x 2 and y 2 were varied from 0.37 to 0.69 and 0.28 to 0.44 respectively. Figure 12b shows that the feasible range for point 2 is significantly larger than for point 1. This result can be explained in that, for the selected locations of the points 1 and 3, there is a wide range of locations for the point 2 that will satisfy the C P0 criterion. In this case, the optimum location for the point 2 would be determined primarily by the minimum pressure-gradient requirement (i.e. minimization of the objective function); from Fig. 12b , this appears to occur at approximately (x 2 , y 2 ) = (0.5, 0.38) although there are several local minima in the feasible region "I". Figure 12c illustrates the effect that the location of the most-downstream fence point (point 3 in Fig. 9 ) has on the objective function. In this case (x 1 , y 1 , x 2 , y 2 ) were held constant at (0.25, 0.25, 0.5, 0.31) while x 3 and y 3 were varied from 0.6 to 0.9 and 0.17 to 0.29 respectively. Figure 12c shows that the location of the point 3 has the strongest influence on the objective function (i.e., the rear pressure gradient); this result makes sense if it is recognized that point 3 determines the amount of flow contraction at the rear of the fence. The small feasible range, located at small values of y, shows that the C P0 criterion is also better satisfied when the point 3 is inboard of the fence point 2. Figure 12c indicates that the optimum location of the point 3 is in the vicinity of (x 3 ,y 3 )= (0.6, 0.17).
V. Conclusion
In Rennie 5 it was shown that by adding a fence to the surface of a spherical turret, the critical Mach number could be increased while decreasing the adverse pressure gradient on the rear of the turret. In Ref. 5 the shape of the fence was determined in a trial-and-error fashion; this paper has presented the formulation of an optimization approach that will allow a systematic determination of the optimum fence shape. The optimization approach was examined over a range of reasonable fence shapes and was shown to behave in a manner that conforms to an intuitive understanding of how the fence works. In future work, the optimization technique will be improved by inclusion of a full Navier-Stokes solver, and fence shapes determined via the optimization will be tested experimentally.
